In order to solve the springback problem in sheet metal forming, the trial and error method is a widely used method in the factory, which is time-consuming and costly for its non-direction and non-quantitative. Finite element simulation is an effective method to predict the springback of complex shape parts, but its precision is sensitive to the simulation model, particularly material model and boundary conditions. In this paper, the simple iterative method is introduced to establish the iterative compensation algorithm, and the convergence criterion of iterative parameters is put forward. In addition, the new algorithm is applied to the V-free bending and stretch-bending processes, and the convergence of curvature and bending angle is proved theoretically and verified experimentally. At the same time, the iterative compensation experiments for plane bending show that, the new method can predict the next compensation value based on the springback of each test, so that the target bending angle with the error of less than ± 0.1% and the target curvature with the error of less than 0.5% are obtained after 2-3 iterations. This research proposes a new iterative compensation algorithm to predict springback in sheet metal forming process, where each compensation value depends only on the iteration parameter difference before and after springback for the same forming process of same material. 
Introduction
Springback can change the shape and dimensional accuracy of sheet metal forming parts, particularly bending and shallow drawing parts, resulting in subsequent quality and assembly problems. Thus, springback is one of the key issues in designing the bending die and process parameters. If the springback rule is not adequately grasped, it has to repeatedly "trial and error" to obtain the desired accuracy, or to reshape the formed piece, leading to prolonged production cycle and increased costs. For example, in the US automotive industry alone, more than $50 million is lost each year for this reason [1] . Therefore, springback is not only a long-term hotspot in academia, but also a problem in industrial production.
The purpose of springback research is to realize the effective control of springback, which can be achieved by two methods, namely, process control and tool surface compensation control.
Process control method is to control the springback by optimizing the forming process, such as controlling the blank holder force and punch stroke [2, 3] , changing the loading method [4] [5] [6] , increasing the forming steps [7, 8] , and improving the forming temperature [9] [10] [11] .
Process control method can reduce springback to some extent, but can not completely eliminate springback in theory. Therefore, for high precision stamping products, process control method is still unable to meet the springback control requirements, then we need to consider the second method, that is the tool surface compensation control method. Specifically, according to the predicted
Introduction of Simple Iterative Method
In the analysis of the factors that affect the springback, Wang [30] pointed out that the greater the bending center angle α , the greater the length of the deformation zone, the greater the springback value, the greater the springback angle �α . Similarly, Zhong [31] also summed up that in the same degree of deformation, the greater the bending center angle α , the greater the amount of springback. In addition, according to the equivalent stress-strain relationship in the elastic-plastic deformation shown in Figure 1 , the springback ε 2 e produced by the larger equivalent strain ε 2 is obviously larger than the springback ε 1 e produced by the larger equivalent strain ε 1 . Therefore, for ordinary metal materials, the larger the deformation, the greater the springback on the premise of maintaining deformation conditions, which is the theoretical basis of this paper.
Let x be the value of the control parameter before springback, and f (x) is the function expression between the control parameters before and after springback, then the springback value �(x) can be expressed as According to the above theoretical basis, if �(x) is a monotonically increasing function, that is � ′ (x) > 0 , then there is
The purpose of springback control is to determine a parameter value a , that changes to a p after springback, that is, solving the equation For a pre-set error ε , when x k − x k−1 ≤ ε , it is recognised that x * ≈ x k , then f (x * ) − a p = 0 is the request.
For the springback control problem, if the relation function y = f (x) of the parameters before and after the springback satisfies f ′ (x) < 1 , the iterative compensation method can be used to control the parameters to converge to the target value. Therefore, for the compensation calculation of the springback problem, Eq. (2) can be used as the convergence criterion of the selected parameters, and this convergence method is applicable to parameters that are smaller after springback, such as curvature and bending angle.
x 0 = a p ,
. .
At present, all the theoretical solutions of springback are failed to establish the exact calculation model, while its prediction for the trend of the parameter is credible. The test can give the error of the current parameter and the target, but the next compensation is difficult to be determined for lack of theoretical guidance. Based on the theoretical analysis of f ′ (x) < 1 , the iterative compensation algorithm proposed in this paper can determine the convergence of the control parameters, and then determine the next compensation based on the springback value of each test.
A General Iterative Compensation Algorithm for Springback Control
For a general springback problem, it is too hard to determine the function relationship y = f (x) . Therefore, this paper establishes a generalized iterative compensation algorithm for springback problem by means of trial and error method. In particular, the iterative compensation mechanism of the springback control is described as follows: for the springback problem of the general stamping process, a process parameter is first determined, which is smaller after springback and has iterative convergence according to the local convergence theorem, then finite compensation experiment is carried out by the iterative compensation algorithm, so that the control parameter is gradually approached to the target value until the accuracy requirement is met. As shown in Figure 3 , after the convergence is confirmed, in order to obtain the workpiece with the parameter value of a p , the iterative compensation method is used to determine the value a before springback, that is the tool surface parameter, as follows:
Step 1: Ready. Determining the initial value, usually the target value x 0 = a p ; Step 2: Iteration-Forming. Stamping to obtain the springback value; Step 3: Control-Modify.
Checking
is the dimensional accuracy), the iteration is terminated, and a = x 0 ; otherwise, x 1 − a p is taken as the compensation value, and the die surface parameter is modified as x 0 = x 1 + x 1 − a p , go to Step 2; Step 4: Output. When x 1 − a p ≤ ε, the iteration terminates and the correction end. a = x 0 is the parameter value of the final tool surface.
By means of mathematical analysis, the iterative compensation algorithm of springback control provides the theoretical basis for tool surface modification. The finite compensation calculation can reduce the error of the process parameters and guide the tool surface correction direction. In addition, each compensation value is only related to the difference of the iteration parameters before and after springback, and has nothing to do with the material properties and mechanical model, so this springback control method is more versatile.
As repeatedly mentioned above, the precondition of the iterative compensation algorithm is to determine the iterable parameters with convergence. Therefore, the springback process of V-free bending and stretch-bending processes will be analyzed and the convergence of the relevant process parameters will be discussed.
Iterative Convergence of Bending Process Parameters

Basic Assumptions
(1) The cross section is always planar and perpendicular to the neutral layer; (2) The blank is approximately unidirectional stressstrain state; (3) The strain is linearly distributed and satisfies:
where ε is the strain; y is the distance from the particle to the geometric neutral layer; and ρ is the bending radius of the geometric neutral layer. (4) The material properties are in accordance with the bilinear hardening model, that is where σ is the stress, ε is the strain, E is the elastic modulus, D is the plastic modulus, and σ s is the initial yield stress.
The cross-section of the sheet is rectangular, whose cross-sectional area and moment of inertia are A = bt and I = 1 12 bt 3 , where b and t are the width and thickness of the sheet, respectively.
V-free Bending Process
Under the action of bending moment M, the blank with rectangular cross-section is bent and springback after unloading. In addition to the above basic assumptions, this section supplements one, that is, the stress neutral layer, strain neutral layer and geometric center layer of the sheet always coincide. The geometrical relationship before and after springback is shown in Figure 4 (a). Now set: after bending, the radius of the neutral layer is ρ, the curvature of the neutral layer is K, the bending angle is α, the supplementary angle is β; after the springback, the radius of the neutral layer is ρ p , the curvature of the neutral layer is K p , the bending angle is α p , the supplementary angle is β p , the springback angle is �α , and the springback curvature is K.
Obviously, in engineering practice, there are: According to assumptions (3) and (4), when the loading moment is small, the blank only produces elastic deformation, and the stress-strain relationship satisfies When the inner and outer surfaces begin to yield, the sheet enters the elastic-plastic deformation. The curvature at this time is defined as the elastic limit curvature, and there is As shown in Figure 4 (b), the stress-strain relationship of the sheet in the elastic-plastic deformation stage is satisfied where y s is the boundary between the elastic and the plastic deformation zones, and y s = ε s K . According to the mechanics of materials, the section moment is the integral of the moments of the microelements in the whole cross-section. Combined with the moment equilibrium conditions in the section, the loading moment during the sheet bending can be expressed as Finishing the equation, and then the moment M can be expressed as When K < K s , the sheet is in the elastic deformation stage, and returns to the initial state after unloading, that is, K p = 0.
Focusing on the elastic-plastic deformation, namely, K ≥ K s , the change of curvature before and after springback by the springback equation of small curvature plane bending can be expressed as (10) 
Substituting Eq. (14) into Eq. (15), then
The derivative of Eq. (16) with respect to K is calculated as According to the condition that the length of the center layer of the curved blank is constant before and after unloading, the relationship between the bending radius and the bending angle satisfies Combining Eqs. (14) and (18), and then
In the free bending process, curvature K and bending angle α are two independent iterative parameters. Therefore, the derivative of α in Eq. (19) is calculate as From Eqs. (17) and (20), the curvature and bending angle meet the convergence criterion of the iterative parameter as shown in Eq. (2) . Therefore, in the V-free bending process, the curvature and bending angle can be used as compensation parameters to calculate the compensation.
Stretch-bending Process
The loading method of pretention and moment in stretch-bending process is shown in Figure 5 . First, the axial pretension T is applied to both ends of the plate with the cross-sectional area of A, and the pre-tensile stress of the section σ T is greater than the yield stress σ s . Then, the sheet is bent by the mold, at the same time, the size of the pretension is kept constant and the direction is consistent with the tangential direction of the geometric central axis of the plate, where ρ and ρ ε are the bending radius of the geometric center layer and the strain neutral layer after stretch-bending, and M is the total moment. Finally, sheet springback after unloading, and the residual (16)
(19) radius of the geometric center layer is ρ p . In addition to the basic assumptions (1)- (5), it is also believed that any point in cross section does not produce plastic instability and reverse elastic-plastic deformation after stretchbending deformation. According to the loading process and stress-strain relationship, the pre-stress σ T and pre-strain ε T generated by the tension T satisfy the relationship:
After stretch-bending, the total strain ε of the particle, whose distance to the geometric center of the section is y, is and total stress σ is On the other hand, the tension T can be expressed as Thus, k * in Eq. (23) is (21) 
Obviously, k * is a constant related to material properties. From Eqs. (21) and (25), the strain neutral layer ρ ε is calculated as and the loading moment is where * is the material constant.
Based on springback theory of plane bending [32] , the springback equation of profile plane stretch-bending in the loading method of pretension and moment can be expressed as Combining Eqs. (21), (22) and (28) , it can be obtained that That is
(29)
(33 where K and K P are the curvature of the geometric neutral layer after stretch-bending and unloading, respectively. Obviously, Eq. (33) satisfies the convergence criterion shown in Eq. (2), that is, the iterative compensation convergence of parameter curvature in the stretch-bending process is proved by theory.
Iterative Compensation Experiment of V-free Bending Process
Experimental Device and Program
Firstly, the iterative compensation algorithm is used in V-free bending process and the convergence and compensation control of curvature and bending angle are studied experimentally. The experimental equipment are mainly WDD-LCJ-150 electronic tensile-torsion multifunctional test machine and the 3000iTM series three-coordinate measuring machine (CMM). The testing machine is an executing device for controlling the bending die, whose displacement accuracy is 0.01 mm and maximum allowable load is 150 kN. The CMM is used to measure the inner diameter of the curved pieces, which has a measurement accuracy of 0.01 mm.
As shown in Figure 6 (a), the experimental tool of curvature compensation control is mainly composed of punch, die and adjusting shim. The fillet radius r 2 of the lower die is 25 mm, and the center distance L between the two fillets is 100 mm. There are three punches whose radius are 60 mm, 80 mm and 113.33 mm, respectively. The shims in the figure are medium-hard thin aluminum sheets with an average thickness of 0.08 mm, which are combined with the punch to form an equivalent punch, to achieve continuous changes in bending radius. The bending angle compensation control experiment and the curvature compensation experiment share a set of lower molds with a semi-circular punch with a radius of 33.33 mm, as shown in Figure 6 (b).
The test sheet is A283-D steel, whose geometry and material properties are shown in Table 1 . In fact, the proposed iterative compensation algorithm does not need the material properties, and Table 1 is only to give the material information.
The iterative compensation control experiment consists of two groups. The first group is the validation experiment of the curvature convergence. Using the combinations of punch and shims, the equivalent bending radius of 60 mm, 68 mm, 80 mm, 90 mm and 113.33 mm are obtained to bend the blank, and the curvature before and after the springback is measured to analyze its convergence. The second group is the iterative compensation experiment of the curvature, that is, the iterative compensation algorithm proposed in Section 1 is used to obtain the target bending radius ρ d of 70 mm and 95 mm with the error accuracy of ± 0.1%. In order to facilitate the measurement of the experimental data, the bending process is carried out by controlling the bending radius ρ, which is analyzed after being converted into curvature K.
Similar to the curvature, the iterative compensation control experiment of the bending angle also includes two groups. The first group is the convergence validation experiment of the bending angle. Several sets of bending experiments are carried out by controlling the stroke of punch, and then the bending angle before and after the springback is measured to analyze the convergence. The second group is the iterative compensation experiment of the bending angle, where the target bending angle α d is 30° and 60° and the error is not more than 0.5%. In the V-free bending process, the covering angle of the punch in contact with the blank is approximated as bending angle. Therefore, according to the geometric relations, the stroke of punch S and bending angle α satisfy the relational expression:
Experimental Results and Analysis of Curvature Compensation
As shown in Figure 7 , the loading and unloading experiments are carried out on the blanks with different bending radius. The curvature of the central layer before and after springback is shown in Figure 8 , which is fitted to obtain the relation
. Obviously, when the curvature is greater than 0.00375 mm −1 , the slope of any point on the curve is less than 1, and the larger the curvature, the smaller the slope. Therefore, it is known that the curvature can be used as
an iterative parameter to perform the springback control, which is also consistent with the theoretical analysis.
The iterative compensation process of curvature is shown in Table 2 Step 1: The compensation accuracy is determined to be ± 0.1%, that is, the error value of the radius or curvature are less than ± 0.07 mm or ± 1.43 × 10 −5 mm
Step 2: The blank is bent and unloaded for the first time by the punch with a radius of the target value; the radius of the bending piece before and after springback are ρ 1 = 70.021 mm and ρ 1 p = 73.072 mm respectively; after these data are converted to curvature, the iterative error is calculated to be
, which does not meet the accuracy requirements, so a second compensation is required; the curvature of the second compensation is calculated as
Step 3: The second bending is carried out on the equivalent punch with the radius of ρ 1 next = 1/K 1 next = 67.200 mm by adjusting the shims; the measured bending radius before and after springback are ρ 2 = 67.252 mm and ρ 2 p = 70.179 mm the error is
and continue the third compensation, whose curvature is
Step 4: Adjusting the shims to obtain an equivalent punch with a radius of ρ 2 next = 67.088 mm and performing the third bending; the bending radius before and after the springback are ρ 3 = 67.106 mm and ρ 2 p = 70.027 mm and the error is
meets the requirement of precision, so the iterative compensation ends.
In order to obtain a wide-plate bending piece with a radius of 70 mm, the punch radius is determined to be 67.088 mm by three iterative compensation, and the precision is controlled within ± 0.1%. From Table 2 , it can be seen that with the increase of the compensation times, the compensation error decreases rapidly, and the iterative parameter quickly approaches the target value. It is shown that the curvature can be used as an iterative parameter for the V-free bending process of the wide plate. The size of the punch can be determined with limited times of iterations to obtain the bending piece satisfying the precision.
Experimental Results and Analysis of Bending Angle Compensation
The bending angles before and after springback by controlling the stroke of punch are shown in Figure 9 , which is consistent with α p = − 0.0004α 2 + 1.0122α − 1 .278. Obviously, when the bending angle is greater than 20°, the slope of any point on the curve is less than 1. 32:28 Therefore, the bending angle can be used as an iterative parameter for iterative compensation control.
The compensation process of bending angle α d of 30° and 60° in V-free bending is shown in Table 3 , which is similar to the iterative compensation experiment of curvature, and will not be repeated here. Similar to the iterative compensation procedure of curvature, the compensation error of the bending angle is reduced so quickly that the target value is obtained after 2-3 iterations with an error of less than 0.5%. It is shown that the springback control method based on the iterative compensation algorithm has a stable convergence direction and the error can be evaluated. It is a finite compensation method with practical value.
Iterative Compensation Experiment of Stretch-bending Process
Experimental Device and Program
The iterative compensation experiment system of curvature in the bending process is mainly composed of an arm-type stretch-bending tester, a signal monitoring equipment and a shape measuring equipment, as shown in Figure 10 . The arm-type test machine consists of hydraulic power pack, electric control unit and actuator, which is used for stretch-bending deformation of the blank. Signal detection equipment is developed by the LabVIEW-based data acquisition system for realtime detection of tension. The measuring device is the CMM used in a V-shaped free bending experiment to measure the residual radius of stretch-bending part after springback. The concrete structure of the actuator is shown in Figure 11 . The tension is provided by the stretch cylinder 10 and is taken by the tension sensor 9 and transmitted to the data acquisition system. The piston rod of the bending cylinder 2 drives the bending mould 8 fixed to the slider 4 to be linearly moved until the workpiece is bonded to the mold. The radius of the bending die is 150 mm, 220 mm and 300 mm, respectively, which are combined with the Table 3 Experimental results of bending angle compensation shims into an equivalent mold, to achieve the fine-tuning of bending radius. The geometric dimensions of the A283-D steel plates are shown in Table 1 . The iterative compensation experiments of curvature in stretch-bending consists of two groups. The first group is the validation experiment of the curvature convergence. The tension is maintained at about 7200 N, so that the cross-section stress σ is slightly greater than the yield stress σ s , and the blank is bent by the equivalent mold with the bending radius ρ of 150 mm, 160 mm, 220 mm, 230 mm, 300 mm and 310 mm. Then the residual curvature after springback is measured to analyze its convergence. The second group is the iterative compensation experiment of curvature to obtain the target bending radius ρ d of 159 mm and 231 mm with the error accuracy of ± 0.1%.
Experimental Results and Analysis of Curvature Compensation
As shown in Figure 12 , the curvature of the central layer before and after springback is fitted to obtain the relation K P = −26.798K 2 + 1.0807K − 0.0005. Obviously, when the curvature is greater than 0.00301 mm −1 , the slope of any point on the curve is less than 1, so the curvature can be used as an iterative parameter to perform the springback control in stretch-bending, which is also consistent with the theoretical analysis.
The iterative compensation process of curvature is shown in Table 4 with target bending radius of 159 mm and 231 mm, whose corresponding curvatures are 6.2893 × 10 −3 mm −1 and 4.3290 × 10 −3 mm −1 , which is similar to the iterative compensation experiment in free-bending, and will not be repeated here. The tension in the experiment is provided by the hydraulic cylinder, which has the fluctuation deviation of 100-300 N. It can be seen that the compensation error of the bending angle is reduced so quickly that the target value is obtained after two to three iterations with an error of less than ± 0.1%. This suggests that the iterative compensation algorithm can be used for curvature of the springback control in the stretch-bending process.
Conclusions
(1) Based on the simple iterative method, an iterative compensation algorithm for springback control in plane deformation is proposed. The new method does not depend on material properties and mechanical models, making it easier for engineering applications. (2) According to the local convergence theorem, the convergence criterion of iterative parameters is established, which provides the theoretical basis for the die surface modification in the springback control problem. (3) In the light of criterion, the iterative convergence of curvature and bending angle in V-free bending and the curvature in stretch-bending is theoretically proved. (4) Experimental results of springback control in V-free bending and stretch-bending processes show that, the target curvature with error of less than ± 0.1% and the bending angle with error less than 0.5% can be obtained by 2-3 iterations. 
